ABSTRACT
Results
All surgical controls survived to termination without airway compromise. Mild to moderate anastomotic stenosis from granulation tissue was detected, but there was evidence suggestive of vascular reconnection with minimal fibrous encapsulation. In contrast, three of the four animals in Herberhold and POSS-PCU groups, and all animals receiving decellularized allografts, required early termination due to respiratory distress. Herberhold grafts showed intense inflammatory reactions, anastomotic stenoses and mucus plugging. Synthetic graft integration and vascularization was poor, whilst decellularized grafts demonstrated malacia and collapse but had features suggestive of vascular connection or revascularization.
Conclusion
There are mirror-image benefits and drawbacks to non-recellularized, decellularized and synthetic grafts, such that neither emerged as the preferred option. Results from pre-vascularized and/or cell-seeded grafts (as applied clinically) may elucidate clearer advantages of one scaffold type over another. functional and non-allogeneic scaffold [8] [9] [10] [11] . Synthetic scaffolds created from novel polymers have also been applied clinically, though the exact material to use in this context remains undecided and outcomes are unclear 12 .
KEYWORDS
This pilot study directly compares three tracheal replacement strategies using different scaffolds. We hypothesized that there would be no difference in morbidity and mortality of rabbits implanted with such tracheal replacements.
Scaffolds were not engrafted with cells in this pilot study in order to simplify the comparison of scaffold materials in the absence of other variables such as the influence of seeded cells or growth factors, and to gather data about the in vivo efficacy of acellular scaffolds to inform future experimental groups.
Finally, we aim to use observations herein to develop further hypotheses relating to tracheal bioengineering and optimization of a future therapeutic product.
METHODS

Animals
Syngeneic male New Zealand White (NZW) rabbits (weights 2.0-2.5 kg) were used with certified negative status for Pasteurella and other common respiratory pathogens. Rabbits were singly housed with non-particulate bedding and environmental stimulation. Animals were fed a normal hay diet and were pre-operatively assessed for alertness, cardiorespiratory status and weight. Live animal work was ethically approved and carried out under Home
Office Project Licence PPL70/7504.
Scaffold Manufacture
Synthetic tracheae were designed and fabricated using nanocomposite polymer, Polyhedral Oligomeric Silsesquioxane Poly(carbonate-urea) urethane (POSS-PCU), as was used to create a tracheal implant in a single reported patient 13 . Briefly, C-shaped rings of heat-cured POSS-PCU sheets (2 x 2 x 5 mm) were sutured over silicon mandrels, dip-coated with non-porous POSS-PCU and heat-cured to hold them in position. Luminal and external surfaces were coated with porous POSS-PCU (interconnected pore sizes of 40 µm and 105 µm respectively) to allow for blood vessel ingrowth 14 . Surface layers were water-cured with deionized water and the whole structure was washed for at least 72 hours to ensure complete solvent removal.
Chemically-preserved tracheal homografts were created using the hours of sterile water washing at 4°C, the DNAse/RNAse step was repeated.
Following decellularization, further intensive washing was performed using sterile water over 48 hours. All treatments were carried out under constant agitation. Decellularized scaffolds were sterilized by gamma irradiation (10,000Gy).
Pre-implantation Analysis
Biomechanical analysis and scanning electron microscopy was performed on batch-matched non-implanted scaffolds from each of the experimental groups and compared to freshly retrieved intact 2 cm segments of rabbit trachea (n=3). Biomechanical properties of composite scaffolds (n=4 in each group)
were analysed using a pneumatic Instron Bluehill 5565 tensile tester (Instron Ltd, Bucks, UK) 17 . Tracheal scaffolds (n=3 for each group) were evaluated for tensile strength as a composite structure at longitudinal lengths of 2 cm.
Constructs were placed within the jaws of the tensile tester and tension was steadily increased at 100 mm/min until rupture of the construct. Stress-strain curves were generated up to the point of rupture and the structure was observed visually to ascertain the location of the tear. Young's (tensile) modulus (YM t ), ultimate tensile stress (stress at scaffold failure) and strain at failure were compared to tensile strength recordings. The compressive load sufficient to cause 25% scaffold occlusion were also measured in anteroposterior (A-P) and lateral directions on 2 cm lengths of composite scaffolds. A maximum of 25% compression was applied as, with its relatively thick wall, the default 50% compression caused the opposing luminal walls of the POSS-PCU scaffold to come into contact. The stress applied to cause 25% compression was then used to calculate the Young's (compressive) modulus (YM c ). Sections of scaffold materials were analyzed by scanning electron microscopy. Samples were fixed in 2.5% glutaraldehyde, washed in 0.1M phosphate buffer, dehydrated in a graded ethanol-water series to 100% ethanol and critical point dried with carbon dioxide. Samples were sputtercoated with a 2 nm layer of Gold/Palladium and viewed using a Jeol 7401 FEG scanning electron microscope (Tokyo, Japan).
Surgical Procedure
Anesthesia of recipient animals (n=16) was induced using intramuscular injections of Xylazine (6 mg/kg) and Ketamine (40 mg/kg) 18 and maintained using 1-3% Isoflurane in oxygen via mask delivery. Analgesia (Buprenorphine 0.05 mg/kg, intramuscular) and antibiotics (Enrofloxacin 0.9 mg/kg, subcutaneous) were given at induction.
The cervical trachea was exposed from cricoid ring to suprasternal notch and 
Post-operative analysis
Close attention was paid post-operatively for signs of graft obstruction or dislodgement, falling oxygen saturations and development of stridor, pain or distress 20 . Analgesia (Buprenorphine 0.05 mg/kg, intramuscular) was given regularly for the first 3 postoperative days. Animals received daily antibiotic administration (Enrofloxacin 0.9 mg/kg, subcutaneous) throughout the study.
All animals underwent weekly bronchoscopic graft monitoring using a 2.9 mm 0° rigid pediatric bronchoscope (Storz, Germany 
Statistical analysis
Statistical analysis was performed using Prism 6 software (Graphpad, USA).
Tensile biomechanical measurements were performed on using the unpaired Student's T-test with Welch's correction for non-equal standard deviations. A-P compressive readings were compared using the unpaired Student's T-test with Welch's correction for non-equal standard deviations. Analysis of lateral compressive readings was performed using Wilcoxon matched-pairs signed rank test as native tracheal readings did not follow a normal (Gaussian) distribution.
RESULTS
Pre-implantation Biomechanical Assessment
Mean ultimate tensile stress (UTS) was significantly higher for the POSS-PCU POSS scaffolds required significantly higher loads for 50% occlusion in both A-P and lateral directions than the other groups (p<0.0001). Herberhold tracheae also showed a significantly increased resistance to 50% occlusion compared to controls (p=0.0014 (A-P) and p<0.0001 (lateral)). Decellularized tracheae showed no significant difference compared to controls (p=0.9859 (A-P) and 0.7699 (lateral)). 
Scanning Electron Microscopy
POSS
Mortality and morbidity
Semi-quantitative bronchoscopic grading of airway stenoses was adapted from the Cotton-Myer Grading System 21 (Supplementary Table 1 ). Three trained observers (2 surgeons, 1 material scientist) graded each image independently and were blinded as to group (EM/CB/CC). Proximal and distal anastomoses were graded separately and the more severe stenosis recorded as the overall score. Inter-rater reliability was calculated on a random sample of 6 bronchoscopic videos (anastomoses = 10) and found to be %.
All animals survived the first week without respiratory distress or laryngospasm and resumed normal appetite, urination and defecation patterns within 72 hours. Survival (Supplementary Figure 3) , post-mortem (Table 1 ) and bronchoscopic (Table 2) Figure 4C) . No blood vessels with lumens containing erythrocytes were observed in sections of the graft (Supplementary Figure 5C ). An incomplete, pseudo-stratified epithelium was observed ( Figure   2C ). Frequent eosinophils were seen throughout the epithelium.
Decellularized grafts showed a large expansion in submucosal layer thickness with stromal cells and a lymphocytic response, although smaller than that seen in POSS-PCU or Herberhold grafts (Supplementary Figure 4D) . Unlike other groups, there was some evidence of neovascularization or vascular reconnection, as evidenced by small, irregular erythrocyte-filled capillaries in the submucosal layer (Supplementary Figure 5D) . There was no evidence of any development of pseudostratified epithelium at 20 days (the longest recorded survival in this group; Figure 2D ).
DISCUSSION
The most effective material for potential use in bioengineered tracheal replacement remains unclear [22] [23] [24] . Tracheal interventions are often complicated by granulations and stenosis, regardless of the material chosen for tracheal reconstruction [25] [26] [27] [28] . Tracheal 'Herberhold' homografts have been used with moderate success in the clinical setting but do not represent the ideal graft due to limited availability, difficulty in procurement and the requirement for significant and prolonged post-operative airway intervention.
These grafts have been principally used for patch augmentation but also to replace sections of airway 29 . A variety of new scaffold materials have emerged as potential candidates but to our knowledge they have not been directly compared. This study tested two alternate technologies against the "standards" of Herberhold homografts and surgical controls in an animal setting that could be considered a relevant model for pediatric airway transplantation.
Rabbits have comparable anatomy and airway dimensions to human neonates and infants 30 and are widely accepted as an experimental model for tracheal stenosis 30, 31 and transplantation [32] [33] [34] . In this pilot study, all surgical control animals tolerated a long-segment autograft replacement without any airway compromise or distress. Bronchoscopic follow-up demonstrated little anastomotic granulation or stenosis and grafts at post mortem appeared to retain a ciliated epithelium 35 . This is a significant observation given that the "control" operation completely disconnects the implanted segment of trachea from its vascular supply. This rapid reestablishment of a vascular supply is likely to support integration [35] [36] [37] and attenuate granulation formation. However, the fact that control autografts were not denuded of epithelium may make them a less relevant comparator to unseeded experimental arms 30 .
Animals in POSS-PCU and Herberhold groups inexorably developed
occlusive anastomotic granulations and stenosis. The mechanisms that cause this anastomotic stenosis may be different in each group. POSS-PCU grafts were externally encased in a dense fibrous capsule, and the graft easily peeled away at anastomoses from the native tracheal ends implying a lack of tissue integration. The inter-connected pores created by the manufacturing method contained cell debris but no evidence of neovascularization.
Inflammatory infiltrates were seen within the submucosal and adventitial layers of Herberhold grafts. An epithelial layer was seen, but this likely represented the remnants of the chemically fixed donor rather than a living, functional neo-epithelium. We hypothesize that the widespread presence of eosinophils represents an acute cell-mediated reaction to the fixed, but still potentially immunogenic, if not allogeneic, material found in these grafts 38,39 . Both POSS-PCU and Herberhold grafts were significantly 'stiffer' than native trachea on compression testing. It has been proposed than mechanical mismatch between graft and native tissues can be a negative prognostic indicator for graft integration 40 and may also contribute to granulation tissue formation at the anastomosis. There was no significant difference in maximal tensile strains between experimental groups and controls, which would indicate a low potential risk of scaffold rupture in therapeutic interventions such as endoluminal ballooning of granulations 41 , at least in the early phase before remodeling. We did not have the facility or equipment capability to manage stenosis and granulations endoscopically during this pilot study, but addition of these capabilities will enable us to more closely model the clinical scenario in future experimental groups, facilitating rabbit survival and enabling evaluation of graft integration over longer periods 42 .
In contrast, decellularized grafts became overtly malacic by the second week post-implantation, implying a degree of remodeling in vivo. Some animals in this group exhibited sudden deteriorations in respiratory function akin to 'dying spells', a clinical hallmark of severe pediatric tracheobronchomalacia 43 . The mechanisms underlying the cellular response to decellularized scaffolds are less clear but may represent a reaction to epitopes or growth factors retained in the scaffold, retained decellularization agent contamination or a remodeling process of the exposed extracellular matrix. Less aggressive tracheal decellularization methods, such as cryopreservation with epithelium denudation 44 , might better preserve graft structure and function but this may be at the expense of increasing immunogenicity, something that will need to be assessed experimentally. The contribution of gamma irradiation sterilization to the malacia of tracheal grafts is unknown. Gamma irradiation has been shown to increase resistance and elastance in decellularised mouse lung, albeit at much higher doses than those employed in this study 45 .
Temporary intraluminal stenting of decellularized scaffolds might address the problem of malacia during remodeling 46 .
Stenosis may be exacerbated by poor graft neovascularization which could be in part due to the lack of cues to encourage ingrowth 47 
